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The Ad5 E1A 12S gene encodes an oncoprotein with the ability to immortalize and cooperate with other viral or cellular
oncoproteins to transform primary epithelial cells. The immortalizing function is dependent on the protein’s efficient localiza-
tion to the nucleus. A five amino acid nuclear localization signal (NLS), Lys-Arg-Pro-Arg-Pro, has been identified at the
extreme COOH-terminus. This signal is necessary but not sufficient for efficient nuclear localization. A mutational analysis
has been undertaken to further characterize the 12S NLS. The individual amino acids of the signal appear to have varying
functional relevance. The lysine residue (a.a. 239) and the first arginine residue (a.a. 240) are the most critical. Changing
the second arginine (a.a. 242) to threonine or either proline (a.a. 241 or 243) to alanine marginally diminishes signal function.
Replacing the 12S NLS with the SV40 large T antigen (LT) NLS does not measurably affect the protein’s nuclear localization.
Sequences directly upstream of the NLS have a significant role in the proper localization of the 12S protein as illustrated
by inefficiently localized mutants that have deletions of these sequences. Analyses of these mutants using a monoclonal
antibody that recognizes the COOH-terminal four amino acids of the NLS have revealed that their signals are probably
masked. To further investigate the importance of protein context in signal function, several NLS insertion mutants were
constructed. Two regions in the first exon with predicted high surface probabilities and no known functions were chosen
as sites for NLS insertions. Neither a wild-type 12S- nor a SV40 LT-NLS was functional in any of the new locations, indicating
that for 12S, positioning of the NLS in the protein is critical. q 1996 Academic Press, Inc.
INTRODUCTION Proteins targeted to the nucleus contain signals (NLSs)
that have been characterized as one or more stretches
The specific subcellular localization of many proteins
of basic amino acids with associated prolines that are
is important for their particular function(s). The Drosoph-
not cleaved after entry into the nucleus. These signals
ila developmental protein, dorsal, is distributed through-
can be placed on cytoplasmic proteins and confer nu-
out the nucleus in a gradient that is essential for its
clear localization and they generally can be located any-
morphogenic ability (Steward, 1989). The steroid hor-
where in a given protein, although work has shown that
mone receptors, progesterone and glucocorticoid, are
exposure on the surface is probably critical (Roberts et
functionally dependent on their subcellular distribution
al., 1987). The presence of hydrophobic residues in prox-
(Guiochon-Mantel et al., 1989; Picard and Yamamoto,
imity to the signal can prevent nuclear targeting probably
1987). The HIV rev protein induces gene expression only
due to misfolding that sequesters the signal away from
if it is localized to the nucleolus (Cochrane et al., 1990).
the surface (Roberts et al., 1987). Also, phosphorylation
The tumor suppresser, p53, must be localized to the nu-
events nearby may enhance or diminish localization effi-cleus in order to suppress transformation. Its mutant
ciency, as with the SV40 LT (Rihs et al., 1991) or thecounterpart must also be localized to the nucleus to func-
Hepatitis B virus core protein (Liao and Ou, 1995), re-tion as an oncogenic enhancer (Shaulsky et al., 1991).
spectively.Likewise, several transforming oncoproteins are non-
We have recently shown that while efficient nuclearfunctional if they are mislocalized, such as the membrane
localization of the Ad5 12S oncoprotein is not necessaryassociated v-abl (Van Etten et al., 1989) and the nuclear
for its ras cotransforming ability, it is important for immor-viral oncoprotein v-fos (Roux et al., 1990). Because sub-
talization of primary epithelial cells (Douglas and Quin-cellular localization is so important to many regulatory
lan, 1994) and cooperation with E1B (Douglas and Quin-proteins, the cell has to have mechanisms to ensure their
lan, 1995). A five amino acid NLS has been mapped tocorrect localization. The mechanisms studied thus far
the COOH-terminus of the Ad5 13S polypeptide (Lys-Arg-have elucidated signals located within the polypeptides
Pro-Arg-Pro) (Lyons et al., 1987). These residues, whenthat confer specific targeting.
fused to the Escherichia coli protein GALK enabled this
otherwise cytoplasmic protein to enter the nucleus within
1 Present address: Department of Virology, St. Jude Children’s Re-
30 min after microinjection (Lyons et al., 1987). A mutantsearch Hospital, Memphis, TN 38105.
13S protein, missing the NLS, was also able to accumu-2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (901) 448-8462. E-mail: mpquinlan@utmem1.utmem.edu. late in the nucleus, but at a much slower rate (8 hr)
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(Lyons et al., 1987). These results indicated that the 13S ing the 3* NLS mutations has also been previously de-
scribed (Douglas and Quinlan, 1994). The first exon NLSNLS acts as a targeting signal, although a role in nuclear
retention cannot be ruled out. At least one region of the insertions were constructed using site-directed muta-
genesis (Kunkel, 1985) on a subclone, p12SEX, whichfirst exon has been implicated in affecting the efficiency
of both 12S and 13S nuclear localization, perhaps by contains the Ad5 12S EcoRI–XbaI fragment (Ad nucleo-
tides 1–1339) ligated to pUC118. The sense oligonucleo-acting as a minor secondary signal (Krippl et al., 1985).
The only difference between the 12S and 13S polypep- tides used for the proline and SV40 LT 3* replacement
mutations were as follows: P241: 1522 5*AGCTGTA-tides is an internal 46 amino acids present in 13S. This
region has been characterized as the E1A transactivation AACGCGCCAGGCCCTAGGGTGTAA AC CTG3*-1557;
P243:1522-5*AGCTTAAACGCCCTAGGGCATAAG-domain (Berk, 1986; Moran and Mathews, 1987) and is
dispensable for nuclear targeting. However, this region GTGTAAACCTG3*-1557; LTNCT: 1513-5*TTGGACTTG-
AGCTGTCCAAAAAAGAAGAGAAAGGTATAAGGTTT-could be involved in nuclear retention. Subnuclear frac-
tionation has shown that a majority of 13S is associated AAACCTGTGATTGC3*-1564. The antisense oligonucle-
otides used for the first exon insertion mutations were:with the nuclear matrix, while 12S appears to be soluble
in the nucleus (Feldman and Nevins, 1983; Schmitt et al., 9 7 6 N, 1 2 4 2 - 5* T T C A G A C A C A G G T G G C C T A G G-
GCGTTTACCCTCTTCATC3*-966; 976LTN, 1242-5*TTC-1987). Because the 12S and 13S proteins have different
functions and varied nuclear associations, we have un- AGACACAGGTACCTTTCTCTTCTTTTTTGGACCCTC-
TTCATC3*966; 842N1, 854-5*CTGCCGGGAAAGTG-dertaken a mutational analysis of the 12S protein to fur-
ther elucidate its mechanism of nuclear localization. We GCCTCGGCCGTTTGTGAGGCGGCTC3*-831 842N3,
846-5*TGCTCGGGCTGCCGGGAAAGTGGCCTCGGCC-have found that the most critical residues of the signal
are two of the three positively charged amino acids, Lys GTTTTGGCCTCGGCCGTTTTGGCCTCGG CCGTTTG-
TGAGGCGGCTCCGGAGAAC3*-839. The mutations were239 and Arg 240. Changing Arg 242 to threonine had
only a slight effect on signal function. Similarly, the two verified by restriction endonuclease mapping and di-
deoxy chain termination sequencing (Sanger et al., 1977).prolines (Pro 241 and Pro 243) could be substituted with
alanines, with only a marginal decrease in nuclear local- To make viruses, in vivo recombination was facilitated
by cotransfecting the mutated plasmids and the largeization efficiency. Also, the normally internal SV40 LT
NLS was able to functionally replace the 12S NLS at XbaI fragment from the wild-type virus, dl309 onto 293
cells (Graham et al., 1977). Viral DNA was isolated (Hirt,the COOH-terminus. The nuclear localization efficiency
of 12S is greatly affected by mutations upstream of the 1967) and analyzed by restriction endonuclease mapping.
Virus stocks were produced and titered on 293 cells.signal (Douglas and Quinlan, 1994). We have evidence
to suggest that the signal is probably structurally masked
in many of these mutants. To further study the signaling Indirect immunofluorescence and confocal
mechanism, we inserted a 12S- or SV40 LT-NLS se- microscopy
quence into the first exon of the NLS0 mutation. In all
instances the signals were nonfunctional and most likely Primary BRK or NRK cells were plated in 24-well trays
containing 12-mm glass coverslips and 2 days later weremasked.
infected with wild-type or mutant 12S viruses at an m.o.i.
of 50. The cells were fixed at 16 hr postinfection in 3.7%MATERIALS AND METHODS
paraformaldehyde for 15 min at 227. They were rinsed
Cells three times in PBS, treated with 0207 acetone for 30
sec, coated with PBS plus 0.25% calf serum, and thenPrimary baby rat kidney (BRK) cells were prepared
incubated for 30 min at 377 in a humidified incubator withfrom 2- to 5-day-old rats (Fisher F3444, Harlan, IN), as
a pool of anti-E1A monoclonal antibodies that recognizepreviously described (Ruley, 1983). They were main-
several epitopes encoded by the first and second exonstained in Dulbecco’s Modified Eagle Medium (DMEM;
of 12S (M1, M37, M52, and M73; obtained from Dr. E.Whittaker, MD) supplemented with 100 units of penicillin
Harlow at Massachusetts General Hospital) (Harlow etper milliliter and 100 mg streptomycin per milliliter (DPS)
al., 1985). The coverslips were washed three times inand 5% fetal calf serum (FCS; Gibco, NY). Normal rat
PBS and incubated with rhodamine-conjugated, goatkidney (NRK) cells were maintained in DPS and 5% calf
anti-mouse antibody for 30 min at 377 in a humidifiedserum (CS; Gibco, NY).
incubator. The cells were washed three times in PBS,
dipped in water, and mounted onto a slide with immuno-Mutagenesis
mount (Shandon Inc., PA). Immunofluorescence photomi-
crographs were taken at 8001magnification with a ZeissThe mutagenesis procedure for producing the second
exon mutations shown in Fig. 1 and their respective re- Axiophot epifluorescence microscope using Tri-X-Pan
film ASA 400 (Eastman Kodak Co., NY). Confocal imagescombinant viruses has been previously described (Doug-
las et al., 1991). The mutagenesis procedure for produc- were captured with a Bio-Rad 1000 laser scanning confo-
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cal microscope and quantitative analysis was performed and Pro 243). The mutants were all able to perform sev-
eral first exon-encoded functions, such as inducing DNAusing NIH Image analysis software (NIH, MD).
synthesis and cooperating with T24 ras to transform pri-
Immunoprecipitations mary BRKs [(Douglas and Quinlan, 1994); Fig. 1A]. All of
the mutant 12S polypeptides were expressed at levelsNRK cells in 60-mm culture dishes were infected with
equivalent to wild-type 12S as shown by immunoprecipi-wild-type or mutant 12S virus at an m.o.i. of 50. At 16 hr
tation (Fig. 2B and data not shown). To ascertain thepostinfection the cells were labeled for 2 hr with 300 mCi
subcellular location of the mutant polypeptides, NRKsof [35S]methionine in 2 ml medium containing 10% of the
or primary BRKs were infected with the mutant virusesnormal methionine concentration. The cells were rinsed
followed by confocal microscopy (Fig. 3 and data notin PBS, lysed in NP-40 lysis buffer for 30 min at 07, and
shown). Substituting an Asn for Lys 239 or a Thr for Argthen the lysate was centrifuged for 30 min at 47. Immuno-
240 had the most dramatic effect, resulting in a diffuseprecipitations were performed on the supernatants using
nuclear/cytoplasmic protein distribution similar to thatthe same pool of E1A antibodies that were used for indi-
seen when the entire signal was deleted [(XS dl4, Fig.rect immunofluorescence, in conjunction with rabbit anti-
1B) (Compare Lys 239 and Arg 240 with XS dl4, Fig. 3)].mouse IgG as a secondary antibody and protein A-Seph-
Previous observations have indicated that removal of thearose. The M73 antibody was used for the signal recogni-
signal does not exclude 12S from the nucleus, but onlytion experiments. The immune complexes were washed
decreases its localization efficiency (Douglas and Quin-three times, resuspended in Laemmli’s sample buffer,
lan, 1994). The Thr substitution for Arg 242 and the twoand electrophoresed on a 15% polyacrylamide gel (Laem-
Pro to Ala mutants remained predominantly nuclearmli, 1970). The gel was fluorographed and autoradio-
(Compare Arg 242, Pro 241, and Pro 243 with 12S, Fig.grams were made.
3). A double proline to alanine mutant, Pro 241/Pro 243,
also exhibited near WT nuclear localization (data notSubcellular fractionation
shown).
NRK cells in 60-mm culture dishes were infected with
wild-type or mutant 12S virus at an m.o.i. of 100. At 16 Quantitation of nuclear and cytoplasmic 12S
hr postinfection the cells were starved in media con- populations
taining 10% the normal methionine concentration for 30
min then labeled for 10 min with 300 mCi of [35S]- The confocal images pictured in Fig. 3 were quantita-
methionine. Cold methionine was added back in excess tively analyzed using NIH image analysis software. The
and the cells were either further incubated at 377 for results are shown in Fig. 4 as a ratio of nuclear fluores-
various intervals or put on ice for fractionation. The mono- cence to cytoplasmic fluorescence (N/C). To obtain these
layers were rinsed once with PBS and then incubated on values the following computer analyses were performed.
ice in the presence of 40 mg/ml digitonin (50% digitonin, A small circular area of the nucleus from one cell was
Sigma, MO) in HEPES-buffered saline (HBS) for 5 min. selected and density readings (average pixel intensities)
This solution was collected and referred to as the digito- were recorded. This process was repeated for the cyto-
nin soluble fraction (S). NP-40 lysis buffer was added to plasm using the same size area selection (See Fig. 3).
the monolayer which was then incubated for 30 min on Ten to twenty cells were analyzed for each mutant and
ice. The dishes were then scraped and the resulting their average N/C ratios were graphed in Fig. 4. The N/
lysate was collected and called the digitonin insoluble C ratio for mock-infected cells was subtracted from each
fraction (I). Immunoprecipitations from these fractions of the mutant values. The results indicated that none of
were performed as described above. The autoradio- the NLS mutants were localized to the nucleus as effi-
grams were scanned and digital densitometry was per- ciently as wild-type 12S. However, Arg 242, Pro 241, and
formed on the images using Scan Analysis software (Bio- Pro 243 did have higher N/C ratios than XS dl4, Lys 239,
soft, UK). and Arg 240. Subcellular fractionation was performed as
an alternative method for analyzing 12S and mutant pro-
RESULTS tein localization. The method of fractionation was an ad-
aptation of that used to study nuclear targeting. DigitoninThe individual amino acids of the NLS have varying
was used to selectively permeabilize the plasma mem-importance in signal function
brane, thus releasing only the cytosol. NP-40 and
scraping were then used to solubilize the remainingTo determine the importance of the individual amino
acids of the 12S NLS we have constructed the five NLS membrane, cytoskeletal, and nuclear proteins. Fraction-
ation of NRKs using varying concentrations of digitoninpoint mutants shown in Fig. 1A. The charged amino acids
of the signal were replaced with uncharged residues: followed by SDS–PAGE and coomassie staining re-
vealed an optimal digitonin concentration of 40 mg/mlLys 239 with Asn, Arg 240 with Thr, Arg 242 with Thr.
The two prolines were replaced with alanines (Pro 241 (data not shown). This concentration is similar to that
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FIG. 1. Maps of second exon mutants and their functions. Maps of the second exons of wild-type and mutated 12S genes are shown on the left
side of the figure. All of these constructs have intact first exons. The top line, at the left, is a map indicating salient restriction enzyme sites of the
12S second exon. The numbers above each line represent adenovirus nucleotide numbers. The numbers 1383, 1437, 1491, and 1521 indicate new
HpaI restriction enzyme cleavage sites that have been individually introduced by site-directed mutagenesis. The lines below the top line represent
transcripts. The name of each mutant is indicated at the left. The solid lines are untranslated regions and the open boxes are the protein coding
sequences. The number of amino acids encoded by each transcript is shown on the right side of the figure. (A) NLS point mutants; (B) deletion
mutants. The properties of each mutant protein is summarized to the right. /, positive for the function; 0, negative for the function; f; 20–50% less
than wild type; N, protein is predominantly located in the nucleus; N/C, protein exhibits diffuse nuclear/cytoplasmic localization. aData derived from
the work of Douglas et al. 1991). /, transformation phenotype equivalent to wild-type 12S; / /, / / /, and / / / /, hypertransformation
phenotypes. bData derived from the work of Quinlan et al. (Quinlan and Douglas, 1992). cData derived from the work of Douglas et al. (Douglas and
Quinlan, 1994). dData derived from this work.
reported by others (Adam et al., 1990). NRKs infected analyzed by fractionation (See Fig. 6). The general sub-
cellular distribution correlated with the confocal results;with either wild-type 12S or an NLS0 virus (XS dl4) were
fractionated using this procedure. Wild-type 12S was lo- however, a direct comparison between the two methods
could not be made. The fractionation procedure mea-cated predominantly in the insoluble fraction (nuclear)
while XS dl4, the mutant missing only the NLS, was dis- sures the newly synthesized 12S protein of approximately
3 1 106 cells, while the confocal quantitation approxi-tributed between the soluble (cytosolic) and insoluble
fractions (Fig. 5A), consistent with the confocal data. mates the steady state nuclear/cytoplasmic ratio of a
small number of cells in one or two fields.Some of the deletions and NLS point mutants were also
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diffuses between the two compartments. After 30 min,
the cytosolic levels decreased without a concomitant in-
crease in the nuclear protein levels, indicating that like
wild-type 12S, the mutant polypeptides may degrade
faster in the cytoplasm than in the nucleus. The N/C
ratios obtained from digital densitometry of the fraction-
ation images are similar to those acquired from the quan-
titation of the confocal images (Fig. 4).
The 12S polypeptide runs as a doublet in SDS–poly-
acrylamide gels due to varying phosphorylation states
(Richter et al., 1988; Smith et al., 1989). Interestingly, the
levels of these two different phosphorylation forms varied
throughout the pulse/chase experiment. The nuclear un-
derphosphorylated form (faster migrating band) ap-
peared to chase into the nuclear phosphorylated form
(slower migrating band). This phosphorylation pattern oc-
curred for both the 12S and XS dl4 proteins, indicating
that the defective localization of the mutant polypeptide
was probably not a result of deficient phosphorylation.
Mutations upstream of the NLS affect signal function
Previously, we have observed that certain second exon
FIG. 2. Expression of wild-type and mutant 12S polypeptides and
mutations upstream of the NLS have the same effect ontheir ability to bind M73. NRK cells were infected with the indicated
nuclear localization as deleting the entire signal [Fig. 1B;viruses at an m.o.i. of 50. At 16 hr postinfection the cells were labeled
with [35S]methionine for 2 hr followed by immunoprecipitation with ei- (Douglas and Quinlan, 1994); also see Figs. 3, 4, and 6].
ther (A) the NLS binding antibody (M73) or (B) a pool of anti-E1A mono- Deletions of the region encoded between nucleotides
clonal antibodies (Harlow et al., 1985) that recognize epitopes encoded 1437 and 1521 appear to functionally mask the signal.
by the first exon. The immune complexes were electrophoresed on a
All of the mutant polypeptides appeared as stable as15% polyacrylamide gel which was then processed for autoradiography.
wild-type 12S as shown by immunoprecipitation (Fig. 2B).
Also, the mutants were able to perform several first exon-
encoded functions such as induction of DNA synthesisTo determine whether the targeting and/or retention
of wild-type versus mutant 12S polypeptides was differ- and cooperation with activated ras to transform primary
BRKs [Fig. 1B; (Douglas et al., 1991; Quinlan and Douglas,ent, a pulse/chase analysis was performed. As indicated
in Fig. 5B, the cells were labeled with [35S]methionine for 1992)], indicating no gross misfolding. To further investi-
gate the structure of these mutants we utilized a mono-10 min, chased for various times, and then fractionated
with digitonin. Immunoprecipitations with anti-E1A anti- clonal antibody (M73) (Harlow et al., 1985) that recog-
nizes the COOH-terminal four amino acids of the NLS.bodies were performed and the immune complexes were
subjected to polyacrylamide gel electrophoresis. Digital The epitope for this antibody was previously mapped to
the entire NLS by a peptide mapping technique (Arse-densitometry was done on a scanned image of the auto-
radiogram. The wild-type 12S protein was predominantly nault and Weber, 1993). However, the specific amino
acids comprising the epitope could not be identified us-(80–85%) localized in the nuclear fraction within 10 min
and appeared to remain there throughout the 1-hr chase ing this method. We were able to further map the epitope
by performing immunoprecipitations on the NLS pointperiod. The levels of cytosolic 12S increased up to 10
min into the chase, reflecting completion of syntheses mutants with the M73 antibody. Only the Lys 239 mutant
could be immunoprecipitated with this antibody asstarted during the pulse. The cytosolic levels then de-
creased throughout the remainder of the time course. shown in Fig. 2A (and data not shown). The other four
NLS point mutants could not be precipitated with M73.This decrease did not appear to be a result of the protein
chasing into the nucleus, as the total nuclear protein However, Fig. 2B (and data not shown) indicates that all
of the mutants could be immunoprecipitated by a poollevels did not increase, suggesting that the degradation
rate of 12S is more rapid in the cytoplasm than in the of E1A antibodies with epitopes in the first exon.
To determine if the NLSs of the second exon deletionnucleus. XS dl4 was distributed almost equivalently be-
tween the nuclear and cytosolic fractions throughout the mutants were masked, immunoprecipitations with M73
were performed (Figs. 2A and 1B). All of the six internalfirst 30 min (50–55% nuclear, Fig. 5B). Thus, the mutant
protein is not targeted to the nucleus as well as wild deletion mutants that were inefficiently localized to the
nucleus could be recognized by a pool of monoclonaltype, consistent with its lack of an NLS, but randomly
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FIG. 3. Subcellular localization of wild-type and NLS mutant polypeptides. NRK cells were infected with the indicated viruses at an m.o.i. of 50.
Cells were fixed at 16 hr postinfection. Indirect immunofluorescence was performed using the same pool of anti-E1A antibodies described in the
legend to Fig. 2 and a goat anti-mouse rhodamine conjugate. The individual images were captured by confocal microscopy.
antibodies, are expressed at levels equivalent to WT 12S,
and can carry out a subset of 12S functions (Figs. 1B and
2B), suggesting that they were not completely malfolded.
However, four of them were not recognized by M73 during
immunoprecipitation (Figs. 1B and 2A). This could explain
a lack of recognition by the transport machinery. The abil-
ity to bind M73 does not, however, imply proper NLS func-
tion, because HB dl13 and HB dl23 could be precipitated
by this antibody and yet are not appropriately localized.
Comparing HB dl12 with HB dl13 and HB dl23, all of which
are recognized by M73, with respect to their localization
and the regions deleted, enables us to conclude that the
region encoded between nt 1437 and 1491 is necessary
for efficient nuclear localization. It is also probable that
the region between 1491 and 1521 is required, in addition
to the NLS itself (compare HB dl23 with HB dl34). Thus,
the sequence context seems to have a major influence
on the ability of the E1A NLS to function.
Construction of NLS insertion mutations
To further investigate the importance of protein contextFIG. 4. Quantitation of wild-type and NLS mutant nuclear and cyto-
in E1A 12S signal function, the wild-type 12S NLS se-plasmic fluorescence from confocal microscopy. NRK cells were
treated as described in the legend to Fig. 3. The confocal images were quence was inserted into the first exon of XS dl4 and
analyzed using NIH image analysis software using the circles indicated assayed for rescue of defective localization. Potential
in Fig. 3 (see Results). Values for nuclear and cytoplasmic fluorescence insertion sites were chosen based upon hydrophilic char-
of 10–20 cells per mutant were obtained and are graphed as the
acter and predicted surface probability, as determinedaverage ratio of nuclear fluorescence to cytoplasmic fluorescence. The
by a Chou–Fasman plot (Devereux et al., 1984). From theN/C ratio for mock-infected cells was subtracted from wild-type and
mutant ratios. available sites, the nt 842 location was chosen because
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ras, were assayed to verify functional stability. All of the
mutants were able to induce DNA synthesis above mock
levels and cotransform primary BRKs to wild-type levels
(data not shown). Indirect immunofluorescence demon-
strated that the inserted signal(s) did not appear to en-
hance nuclear localization of the defective mutants.
The wild-type 12S NLS is located at the COOH-termi-
nus of the protein. The possibility existed that it may
be dysfunctional when inserted internally. To ascertain
whether a normally internal NLS could function in the nt
976 location, the SV40 LT signal sequence (LTN) was
inserted at nucleotide 976 in XS dl4, to yield XSdl4
976LTN (Fig. 7). This LTN-insertion mutant was also able
to induce DNA synthesis and cooperate with T24 ras,
but like the 12S-NLS insertions, indirect immunofluores-
cence illustrated its inability to efficiently localize to the
nucleus (Fig. 8). The LT NLS is not, however, completely
dysfunctional in the context of the 12S protein. Replacing
the COOH-terminal 12S NLS with the SV40 LT NLS
(LTNCT, Fig. 2) resulted in an efficiently localized nuclear
protein (Fig. 8). All of the NLS insertions in wild-type 12S
backgrounds resulted in efficiently localized polypep-
tides (Fig. 8) that retained all of their wild-type functions,
indicating that the inserted sequences did not interfere
with normal protein function. To investigate whether sec-
ond exon sequences were inhibiting the first exon sig-
nals, the LTN was also inserted at nucleotide 976 in a
mutant which does not encode any second exon se-
FIG. 5. Wild-type 12S and NLS0 mutant subcellular fractionation.
NRK cells were infected with either wild-type 12S or XS dl4 virus at an
m.o.i. of 50 for 16 hr. The infected cells were labeled with [35S]-
methionine for (A) 2 hr or (B) 10 min and then chased for the indicated
times. Digitonin fractionation (40 mg/ml) was performed, followed by
E1A immunoprecipitations using the same pool of monoclonal antibod-
ies that were used for indirect immunofluorescence (Fig. 3, legend). The
immune complexes were electrophoresed on a 15% polyacrylamide gel
and subjected to autoradiography. The autoradiogram was scanned
into a computer and digital densitometry was performed on the image.
C, chase time; F, fraction; WL, whole cell lysate; I, digitonin insoluble
fraction; S, digitonin soluble fraction; L, protein levels given as a densi-
tometry reading (1103); %T, percentage of total protein level measured
by densitometry.
deleting the region from nucleotide 813 to 919 appears
to have no effect on normal 12S function (Whyte et al.,
1988) and nt 976 was chosen because it is at the 3* end
of the first exon where in E1A 13S, the highly hydrophilic
transactivation domain is encoded. We speculated that
since the 12S and 13S proteins are identical except for
this domain, the insertion of a different hydrophilic do-
FIG. 6. Second exon deletion- and NLS point-mutant subcellularmain into 12S, namely an NLS, would be tolerated. The
fractionation. (A) second exon deletion mutants (B) NLS point mutants.signal sequence was inserted at nt 842 (1 or 3 copies;
NRK cells were infected with the indicated viruses at an m.o.i. of 50 for
842N1 and 842N3) or nt 976 (976N) in wild-type 12S 16 hr. The cells were labeled with [35S]methionine for 10 min followed by
and XS dl4 (Fig. 7). Two first exon-encoded functions, digitonin fractionation and immunoprecipitation as described in the
legend to Fig. 5. Protein levels given as a densitometry reading (1103).induction of DNA synthesis and cooperation with T24
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FIG. 7. Map of NLS insertion mutants. At the top is a representation of a wild-type 12S transcript. Below is the SV40 LT NLS replacement mutant,
LTNCT. (A) NLS insertions at the 3 * end of exon 1 (B) NLS insertions at nt 842. The numbers above each transcript are adenovirus nucleotide
numbers. The name of the mutant is given at the left and the number of amino acids is given at the right. The black box represents the 12S NLS.
The striped box represents the LT NLS. The number of boxes indicates the number of copies of the signal inserted.
quences. This new mutant was also inefficiently localized DISCUSSION
to the nucleus (data not shown).
We have previously shown that efficient nuclear local-These results indicate that the surrounding protein
ization of 12S is necessary to immortalize and cotrans-context of the NLSs appears to be vitally important for
form with adenovirus E1B, but surprisingly, not forthe signal to properly function. To determine whether the
cotransformation with oncogenic ras (Douglas and Quin-newly inserted E1A NLS was at least exposed on the
lan, 1994, 1995). This phenotype prompted us to analyzesurface of the protein, immunoprecipitations were per-
the E1A NLS in more detail. Others have identified theformed with the monoclonal antibody M73. None of the
NLS and studied its function in the context of E1A 13SE1A NLS insertions in XS dl4 backgrounds were precipi-
(Lyons et al., 1987). We have undertaken a detailed analy-tated with this antibody, although they could all be precip-
sis of the 12S NLS to further elucidate its functionalitated with a pool of monoclonal antibodies that recog-
mechanism. First, a series of amino acid point mutantsnize epitopes encoded by the first exon (data not shown),
was constructed, in which the three positively chargedindicating that the newly located signal(s) were probably
residues of the NLS were substituted with neutral aminomasked. This was surprising because these areas are
acids and the two prolines were replaced with alanineshydrophilic in nature and are predicted to be on the sur-
(Fig. 1A). Indirect immunofluorescence and confocal mi-face of the polypeptide. An antibody specific to the SV40
croscopy enabled us to determine the subcellular local-LT NLS is not available, therefore, those mutants could
not be tested for signal exposure. ization of the NLS mutants, thus determining the im-
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lectively permeabilizes the plasma membrane while leav-
ing the nuclear membrane intact. Any protein soluble
in the cytoplasm would be released in the presence of
digitonin and nuclear, cytoskeletal, or membrane pro-
teins would remain. Therefore, we have used this frac-
tionation method to measure the differences between
the cytosolic concentrations of wild-type 12S and XS dl4,
a mutant missing the NLS. Wild-type 12S fractionates
predominantly in the insoluble fraction, while XS dl4 is
distributed almost equally between insoluble and soluble
(see Fig. 5A). To further investigate the differences be-
tween 12S and XS dl4 we performed a pulse/chase ex-
periment (see Fig. 5B). After a 10-min pulse, the 12S
protein distribution is not significantly different from that
seen after a 2-hr label, indicating that nuclear targeting
is occurring quite rapidly. Only half of the XS dl4 protein
is present in the nucleus after 10 min. This implies that
the mutant is defective for nuclear targeting. The mutant
polypeptides are getting into the nucleus via diffusion or
facilitated diffusion, which is occurring much more rap-
idly than indicated by microinjection studies (Lyons et
al., 1987). The defective targeting to the nucleus of XS
dl4 would explain its inability to sustain cellular prolifera-
tion to the same extent as WT 12S, which may also be
the reason that it cannot bring about immortalization [Fig.
FIG. 8. Subcellular localization of NLS insertion mutant polypeptides. 1; (Quinlan and Douglas, 1992)].
NRK cells were infected with the indicated viruses, and indirect immuno- In light of evidence implicating phosphorylation in NLS
fluorescence was performed as described in the legend to Fig. 3. Photo- function of SV40 LT (Rihs et al., 1991), we wanted to
micrographs were taken with an epifluorescent microscope at 8001.
determine whether the 12S NLS was also affected by
phosphorylation. The pulse/chase experiment enabled
us to look at this function as well as localization (Fig. 5).portant functional residues. The Asn for Lys replacement
at amino acid 239 and the Thr for Arg at residue 240 had The phosphorylation state of the wild-type 12S polypep-
tide appears to change throughout the chase period. Thethe most drastic effect on signal function. Changing Arg
242 to Thr and the two prolines to alanines seemed to nuclear underphosphorylated species seems to chase
into the nuclear phosphorylated species. The NLS0 mu-decrease localization efficiency marginally (see Fig. 3).
The SV40 LT NLS also has a critical Lys residue sur- tant, XS dl4, exhibits a similar phosphorylation pattern,
indicating that phosphorylation is probably not involvedrounded by several less critical basic amino acids (Kald-
eron et al., 1984). To get a more accurate picture of in this localization defect. However, we cannot rule out
the possibility that minor phosphorylation differences aresubcellular distribution, two quantitative methods were
performed, confocal microscopy followed by digital quan- involved. Furthermore, no known protein kinase phos-
phorylation site, such as the casein kinase II site foundtitation and cellular fractionation followed by digital den-
sitometry. Confocal microscopy followed by computer im- upstream of the SV40 LT NLS (Rihs et al., 1991), is located
upstream of the 12S NLS.age analysis allowed us to digitally quantitate the local-
ization differences between wild-type and mutant Many of the second exon deletion mutants with intact
NLSs are still inefficiently localized to the nucleus, indi-proteins. The confocal images are pictured in Fig. 3 and
their corresponding nuclear/cytosolic ratios are graphed cating that while the signal may be necessary for efficient
nuclear localization it is not sufficient. Examination ofin Fig. 4. Subcellular fractionation followed by digital den-
sitometry was chosen as a method of protein quantitation the amino acid sequences juxtaposed to the NLS in the
various internal deletion mutants did not reveal any obvi-because several previous studies on E1A protein local-
ization used fractionation to determine the concentration ous change in the character of the proximal environment
of the signal. We speculate that mutations upstream ofof 12S and/or 13S in different cellular compartments
(Feldman and Nevins, 1983; Schmitt et al., 1987). Be- the NLS may affect the conformation of the protein, thus
masking the signal. To further investigate this possibilitycause 12S may very well be a soluble nuclear protein,
we used a fractionation scheme that has been used for we utilized M73 (Harlow et al., 1985), a monoclonal anti-
body that recognizes the last four amino acids of the 12Sstudying nuclear transport (Adam et al., 1990). This
scheme utilizes digitonin, which is a compound that se- NLS [(Arsenault and Weber, 1993) and this paper]. Only
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